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®
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ëÊê* ë ? (Servo motor) ò%¹ÊÏ®¹ ¤ Ý í (Coupling) ²P(· ê/ë/ì í î




¥ (Nut) ²$;¢Sè ð %t ð è ð ²
ìO,Q~¹ Më*ì ; O,Q*R õ
ëTì (Table) ò ï$ð Æ ÇÐ ê-ë-ì~íÊî ¹ 	ë*? ²%&)-/¹ $ë*? ² ñ #S
(Support bearing) ; ñ #îOQﬂÏÇ¹ÊÏ  ñ:®òÏÇÐ  
 
TableBall screwCoupling
Servo motor BaseNutAnchor bracket
Support bearing
 
Fig. 2.1 Ball screw drive table 









































































Tm , Motor torque 
xt , Displacement of the table  xn , Elastic displacement of nut part 
b , Angle of rotation of ball screw  m , Angle of rotation of motor 
Mt , Mass of the table   Mbs , Mass of the ball screw 
Jb , Ball screw inertia   Jc , Coupling inertia 
Jm , Rotor inertia    Kc , Torsional rigidity of coupling 
Kb , Rigidity of ball screw   Ks , Rigidity of support bearing 
Kg , Torsional rigidity of ball screw  Kn , Rigidity of nut 
Ct , Table sliding side viscous damping coefficient 
p , Lead 
Fig. 2.2 Machine model of ball screw drive table (Kyoto University method)[25] 
 
























Fig. 2.3 Machine model of ball screw drive table
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Table 2.1 Status of experimental machine 
Maximum travel mm 302 
Root diameter mm 9.2 
Ball screw 
Lead mm 4 
Hole diameter(motor side) mm 8 
Hole diameter(ball screw side) mm 8 
Permissible torque N y m 3.5 
Torsional rigidity N y m/rad 2940 
Coupling 
Inertia kg y m2 0.12 z 10-4 
Support bearing Hole diameter mm 10 
Rated output W 100 
Rated torque N y m 0.318 
Peak output torque N y m 0.955 
Rated speed rpm 3000 
Maximum speed rpm 5000 
Servo motor 
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ìl? (Low pass filter) òﬂÕ´ ^R
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Kp , Position loop gain  Kv , Velocity loop gain 
Ti , Integral time   s , Laplacian operator 

cmd , Position command 

m , Motor position 
Fig. 2.9 Block diagram of P-PI+LPF control system 
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(b) Enlarged view 
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Fig. 2.11 Block diagram of P-PI+LPF 
 
 NF control system 
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(b) Enlarged view 
Fig. 2.12 Root locus of P-PI+LPF 
 















































































































































ìí!î fn=1950Hz ïVðAñ ½QÌ Ð Á!ÑÒ=Ó3ÔÂÖÕ Ï!è±é ê ë Ó
ì3íî fc Ú 500  10000Hz º  Ç ­Mí ¿ ï þ Ï%#ﬁ Úﬁ 2.13 º¼3ÜÞ  

2.13  fc Ú w  
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ì=íî fn=1950Hz ïðÖñ ½ÌH
ﬂáâ±ãä å Kp Ú#}      
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(b) Enlarged view 
Fig. 2.14 Root locus of P-PI+LPF 
 
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Fig. 2.15 Block diagram of proposed control system 
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G' (Torque command) )­	J ÌÊ









;ÀÁÂÃ±ÄVÆ3ÇÈ;É (Ball screw drive mechanism) Ï
AC
¨!Á;ÀÊ
ÁÕ (Servo motor) Ú Æ
Ç
ÜÝCÞ  
Ball screw drive mechanism












Fig. 2.16 Composition of experimental system 
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Fig. 2.17 Position command 
 
Table 2.2 Specifications of the experimental system 
Ball screw drive table Mass of the table kg 1.0 
Motor Rated torque N ª m 
Peak output torque N ª m  
Rated speed rpm 





Encoder Resolution pulse/rev 65536 
Controller Sampling time £ s 125 
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Fig. 2.18 Frequency analysis result of torque by conventional method 
 






















































































































































Fig. 2.19 Frequency analysis result of torque with notch filter 
























































































































































ì3íî fc=4000Hz Ì é\ Ó






















º f2=1000Hz º ð;ñ ½Q¿
Þ  














































































\2 ] ^	_a`!bced#fgh_'ij`kmln'oqp#rhstvuwq`vx	y{z'|  35





















































































    
    
   	             





















    
    
   	            











Fig. 2.22 Time response of position 
Table 2.3 Control gains 
Parameter 
Method 
Kp 1/s Kv Hz Ti ms fc Hz fn Hz fl Hz 




With notch filter 190 181 5.26 2000 1950 é
 
Adjustment for filter 550 293 5.00 4000 1950 é
 
Proposed method 650 306 5.00 4000 1950 360 
 
\2 ] ^	_a`!bced#fgh_'ij`kmln'oqp#rhstvuwq`vx	y{z'|  36



































































































































































































\2 ] ^	_a`!bced#fgh_'ij`kmln'oqp#rhstvuwq`vx	y{z'|  37
2.5      
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(b) Enlarged view 
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íî fn=1950Hz ïcð;ñ ½OÌ}


































































































































































































































































\2 ] ^	_a`!bced#fgh_'ij`kmln'oqp#rhstvuwq`vx	y{z'|  40
 
(a) General view 
 
(b) Enlarged view 































Fig. 2.25 Frequency analysis result of torque without low pass filter 
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vMNLCMfr ×= , (3.1) 
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3.3  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C1(s) ø  7mª0íp¯±°1ﬂ;:A (Feedback controller) ³vµ P-PI ﬂ;: Aµ


























C1(s)  Feedback controller C2(s)  Ripple controller 
Kp  Position loop gain of C1(s) Kv  Velocity loop gain of C1(s) 
Ti  Integral time   Mn  Nominal value of mass of moving part 
Kp1  Position loop gain of C2(s) Kv1  Velocity loop gain of C2(s) 
s  Laplacian operator 
Fig. 3.1 Block diagram of control system 
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tZg (Low pass filter) {
	D	f tZg









Low pass filter High pass filter
 

1  Cut off frequency of low pass filter  2  Cut off frequency of high pass filter 
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{§NPO' fr \S^hUi)!* (Position command) m,+lzé­oæDÚ
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M  Mass of moving part 
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3.4      
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Table 3.1 Specifications of the linear motor drive system 
  X-axis Y-axis(2-axis) Z-axis 
Motor Rated thrust N 
Peak output thrust N 
Mass of the table kg 













Scale Resolution  m/pulse 0.5 0.5 0.5 


















































































































































(b) Velocity 0.05m/s 






Table 3.2 Control gains 
Feedback 
controller 
Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
Integral time Ti ms 
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Table 3.3 Control gains 
Ripple 
controller 
Position loop gain Kp1 1/s 





Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
Integral time Ti ms 































































































































(b) Velocity 0.05m/s 
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 (Leveling bolt) G!D\*E" W*


















































f  Thrust 
K  Rigidity of the leveling bolts Cb  Damping rate of the leveling bolts 
Mt  Mass of the table  Mb  Mass of the base 
xt  Displacement of the table xb  Displacement of the base 
x  Relative displacement of the table and the base 















Fig. 4.2 Block diagram of base vibration system 




















IÇ?Ý*Û_ (Displacement of the table) q xb Qí6]FIÇ?Ý*Û_ (Displacement of the 











































ÛJPcYDÀ¨xAS (4.1) WAyc~O]  
 
















































        MbMt
MbCbMbK

















WF¤uoRq6í]O¾u¸ËI cëu¾u¸OPËÊ f q	6ÌVzÎÍgGí]Ïc`
(Rigidity of the leveling bolts)K qAí8]g¾?¸IÌ":cP (Damping rate of the leveling bolts)Cb
I?Nﬂ:FSQJqJS (4.2) qJS (4.3) ITVUXWAYc~Ë>MGp?@FHDE]  
MbfK ⋅= 2ω (4.2)
MbfCb ⋅⋅⋅= ως2 (4.3) 
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Pm-1(s) È F(s) H=É($0  
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C(s) ²E¦îï(ðU$ñè-/Jò4b£`E>4=)E*ó (P-PI )
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(b) Time response of velocity motion command x

cmd and velocity output x

 
Fig. 4.4 Time response of motion command and output 
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Fig. 4.5 Experimental machine 
 
Table 4.1 Specifications of the linear motor drive system 
Motor Rated thrust N 
Peak output thrust N 
Mass of the table kg 
Mass of the base kg 






Scale Resolution é m/pulse 1.0 
Controller Sampling time é s 125 










































































yÝí f=111.84rad/s þ&+îwïõð =0.023 8 \ (4.2) þ \ (4.3) 	
A ! .þ /1 W K=7.88
 105N/  þ
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Command pattern A 6  
Acceleration  1.0G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  400ms 
 
5
Command pattern B 6  
Acceleration  2.5G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  281.5ms 
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Table 4.2 Control gains 
Response 
Filter 
 rad/s 560 
Feedback 
Controller 
Position loop gain Kp 1/s 
Velocity loop gain Kv Hz  
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(b) Displacement of the base 
Fig. 4.7 Time response for command pattern A 
 

















































































(b) Displacement of the base 
Fig. 4.8 Time response for command pattern B 




















































Command pattern C 6  
Acceleration  1.5G 
Maximum speed  2m/s 
Travel   400mm 
Operation time  335.875ms 
 
5
Command pattern D 6  
Acceleration  2.0G 
Maximum speed  2m/s 
Travel   400mm 




























































































































































(b) Displacement of the base 
Fig. 4.9 Time response for command pattern C 


















































































(b) Displacement of the base 
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• P-PI @4UÆ  
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• P-PI @4UÆ  




















































































































































• P-PI @4UÆ  
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